Abstract-
I. INTRODUCTION
ince the introduction of the Cole function (1) by K.S Cole in 1940, the function and its parameters have been widely used for data representation as well as analysis of spectroscopy and Multi-frequency impedance measurements on Electrical Bioimpedance (EBI) applications, like assessing on tissue contents or tissue status.
From the early applications of EBI spectroscopy (EBIS) to body composition analysis (BCA) already in 1992 [1] , the use of EBIS has proliferated to the application areas of tissue characterization like skin cancer detection [2] . EBIS has not only proliferated to other areas but it has deep-rooted into BCA applications, especially through the analysis of the Cole parameters [3] . Therefore Cole parameters estimation from EBI spectral measurements have became a common practice in EBIS applications.
The presence of parasitic capacitances when performing EBI measurements is common [4, 5] and may influence notably the obtained EBI data, especially when using textile-electrodes. A typical measurement artifact caused by the parasitic capacitance is a hook-alike deviation in the EBI spectral data at high frequencies [4] . When an EBI measurement is contaminated with a parasitic capacitance, the measurement will contain a new frequency dispersion that shifts the dominant and intrinsic dispersion of the biological tissue towards the dispersion of the parasitic capacitance. Such deviation in the spectral EBI data influences the Cole parameter estimation process and might mislead the results of the EBI analysis.
Several methods for compensating [3] , correcting [6] or minimizing [4] the effect of the afore-mentioned parasitic capacitances on the analysis of EBI data have been reported.
In this work, an original approach for Cole parameter estimation, with the intrinsic benefit of avoiding the influence of the Hook Effect, is presented. The method proposed makes use of the Cole fitting approach recently introduced by Ayllón in [7] applying it on the real part of the Admittance, the conductance.
II. METHODS
Test EBI data have been obtained from an experimentally-based Cole model with added measurement noise. In order to extract the Cole parameters, two different Cole fitting methods have been applied on the obtained data, one of the methods based on the conductance and for comparative purposes, a second one based on the complex impedance and semi-circular fitting [8] . The fittings obtained on the impedance plane and Cole parameters estimated from the fittings have been compared with the values originally used to generate the test EBI data.
A. Cole Equation
In 1940 Cole [9] , introduced a mathematical equation that fitted the experimentally obtained EBI measurements (1) . This equation is not only commonly used to represent but also to analyze the EBI data. The analysis is based on the four parameters contained in the Cole equation R 0 , R ∞ , α and τ, i.e. the inverse of characteristic natural frequency ω c . The value generated by the Cole equation is a complex value containing resistance and reactance. Z COLE (ω) is non-linear on the frequency domain and it generates a suppressed semi-circle when plotted in the impedance plane.
B. Cole Equation in Admittance
Since the admittance is the mathematically inverse of the impedance Y=Z -1 , inverting (1) 
Applying
it is possible to decompose Y COLE (ω) in its real and imaginary parts obtaining the conductance G(ω) in (3).
The equation given in (3) can be used to fit the real part of the inverse of the impedance generated and this way the Cole parameters can be estimated in an analogous manner to [7] .
C. Non-Linear Least Squares Fitting
This method obtains the best coefficients for a given model that fits the curve, the method aims at minimizing the summed squared of the error between the data point and the fitted model (4). (4) Where N is the number of data points included in the fitting.
This method is implemented in Matlab® directly with the function fit and the option Non Linear Least Squares that fits the generated data as to a non-linear real parametric model with coefficients, using the natural frequency ω as independent variable. In our case the model used is G COLE (ω) given in (3) and the model coefficients are Y 0 , Y ∞ , τ and α.
D. Noise model and Data Generation
To simulate the data, a Cole function with Cole parameters extracted from a wrist-to-ankle 4-electrode EBI experimental measurement has been implemented. The values used for the Cole parameters are as follows:
R 0 = 750, R ∞ = 560, α = 0.68 and τ = 3.55x10 -6 . EBI data have been generated with and without parasitic capacitance, C par, simulating the presence of a parasitic capacitance as shown in Fig. 1 .
The 100 impedance spectra have been created with values of frequency spaced logarithmically as suggested in [3] .
From 100 wrist-to-ankle measurements of complex EBI, measurement noise has been characterized obtaining the mean, Standard Deviation and the spectral components. The EBI measurements were performed with the 4-electrode method using the SFB7 impedance spectrometer manufactured by Impedimed. Using the characteristics of the measurement noise, synthetic noise has been generated and added to the simulated EBI data.
E. Cole Parameter Estimation Performance Analysis
The performance of the two applied methods has been assessed by studying the Mean Absolute Percentage Error (MAPE) produced in the estimation of each Cole parameters, as shown in (5). Fig. 2 contains three different impedance plots. In Fig  1. A) the resistance spectrum is plotted, and it is possible to see the agreement of all in one trace, the crossed trace is representing the real part of the Cole function fitted by the impedance plane method for a impedance contaminated with a capacitance in parallel.
III. RESULTS

A. EBI Data Fitting
In Fig. 1 .B) and 1.C), reactance spectrum and impedance plot respectively, it is possible to observe a remarkable deviation on both traces representing the impedance contaminated with 15 pF and the curve fitted on the impedance plane, solid thick and crossed trace respectively.
In all three plots contained in Fig.1 the fit done on the conductance, dotted trace, matches perfectly the values of the original impedance without parasitic capacitance, plotted with solid thin trace. Note that since the fitting obtained from G(ω) produces the same values independently of the presence of parasitic capacitance, there is only one trace indicating both fittings produced from G(ω). The fitting done on the impedance plane, produces a perfect match with the original impedance data, represented with circular markers and thin solid line respectively.
B. Cole Parameters
The MAPE obtained from both fitting approaches for each of the estimated Cole parameters is listed in Table I . The parameters have been estimated from synthetic EBI data containing different values of parasitic capacitance, ranging from 0 pF to 15 pF.
Since the fitting in the conductance plane, generates the same EBI fitted data independently on the value of C par , the obtained MAPE is the same and consequently only one row is used to report the produced MAPE.
In Table I it is possible to observe that for the case of C par = 0 both estimation approaches produce MAPE values in the estimation of the Cole parameters that are extremely low.
The influence of C par on the estimation method based in the fitting on the impedance can be appreciated also in the obtained MAPE values. Fig. 3 shows that both fitting methods provide very good estimations for the Cole parameters when there is no C par , and the impedance plane fitting method provide a not accurate estimation for C par in parallel of 15 pF. Fig. 3 shows the actual values for the Cole parameters and the corresponding estimated values from conductance domain and the impedance plane for EBI data free of parasitic capacitance and contaminated with 15 pF. In both methods, all estimations done on data free of parasitic capacitive effect produce a very accurate Note: the fc is equal to τ -1 , and it represents better the EBI spectra. estimation. Again, in all 4 graphs contained in Fig. 3 , it is possible to appreciate that the estimation done on the impedance plane for EBI data with parasitic capacitive effect present produces highly biased values.
IV. DISCUSSION
The results indicate that for immitance data without any capacitive parasitic influence both fittings methods performed very well producing a very accurate estimation of the parameters. This is expected since the EBI data presents a single predominant dispersion like the Cole function. Unfortunately obtaining artifacts free immitance measurements is very unrealistic.
Once the data contain any deviation caused by a parasitic capacitance the performance of the fitting done on the impedance plane begins to worsen producing wrong estimations of the Cole parameters. This is due to the fact that this type of fitting tries to fit data containing 2 predominant dispersions into a single dispersion model. The error in the estimation of R 0 is smaller because at low frequencies the influence of the parasitic capacitance is hardly noticeable.
On the other hand the fittings and the estimation of the Cole parameters from the conductance data is not slightly influenced by the presence of a parasitic capacitance. This was expected since the parasitic capacitance will modify the admittance by adding its value to the imaginary part of the admittance, the subsceptance, without modifying the real part of the admittance. This leaves a conductance with a single predominant dispersion being fitted to the real part of the Y COLE .
V. CONCLUSION This paper shows that it is possible to estimate the Cole parameters accurately from the conductive part of the admittance without the need to measure the imaginary part of the electrical bio-admittance. This approach brings the same advantages to the immitance measurement process than the resistance-based Cole parameter estimation presented in [7] , but it also benefits from an intrinsic mechanism to avoid the influence of the Hook Effect.
This approach suggests that in order to estimate the Cole parameters it is only necessary to measure the electrical conductance of a biological system. Any application of EBI measurements that performs Cole model parameters estimation as based of its data analysis e.g. body composition assessment for nutritional status would benefit from novel approach presented here. Of course this can be only applicable in the range of the β-dispersion and further studies with experimental data must be done to find other limits of its applicability.
